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REAL TIME IMAGING DURING SOLID
ORGAN TRANSPLANT

RELATED APPLICATIONS

This application 1s filed under 35 U.S.C. 371 as a U.S.
national phase application of of PCT Application Serial No.
PCT/US2006/016089, having an international filing date of

Apr. 26, 2006; which claims the benefit of to U.S. application

Ser. No. 11/114,3501, having a filing date of Apr. 26, 2005, the
disclosures of all of which are incorporated herein by refer-
ence 1n their entirety as 1t fully set forth herein.

FIELD OF THE INVENTION

The mvention relates generally to the field of medical
imaging. Certain embodiments of the invention provide
methods for imaging of vasculature 1n a subject. Certain other
embodiments provide systems which are useful for imaging
vasculature 1n a subject.

BACKGROUND OF THE INVENTION

Imaging of biological tissues and organs assists doctors in
both diagnosis and treatment. A variety of medical techniques
which are suitable for imaging biological tissues and organs
are known. These include traditional x-rays, ultra-sound, as
well as magnetic resonance 1imaging (MRI), and computer-
1zed tomography (CT). A variety of dyes used 1n medical
imaging have also been described including radio opaque

dyes, fluorescent dyes, as well as, colormetric dyes (see e.g.,
U.S. Pat. Nos. 5,699,798; 5,279,298; 6,351,663; and 6,915,

154 and U.S. patent application Ser. Nos. 10/619,548 and
10/365,028). Imaging techniques and systems using tluores-
cent dyes have been described for the heart and eye (see, U.S.
Pat. No. 5,279,298; U.S. patent application Ser. No. 10/619,
548, which 1s incorporated by reference 1n 1ts entirety). Some
dyes can serve both an imaging function, as well as a thera-
peutic function (see, e.g. U.S. Pat. No. 6,840,933).

Organ transplant 1s one area in which imaging methods and
systems would prove useful. The demand for organ transplant
continues to grow. The combined number of solid organ
transplants in the US alone, 1s approximately 18,000 per vear.
Specifically the combined numbers for years 1997 and 1998
were: 1,692 lung transplants, 4,409 heart, 7,502 liver, 326
pancreas, 1,803 pancreas and kidney, and 20,956 kidney
transplants (see, e.g., The U.S. Organ Procurement and
Transplantation Network and the Scientific Registry of Trans-
plant Recipients Annual Report, 2004 ).

Transplant procedures involve anastomosis. These anasto-
moses may be between, for example, two vessels, vessels and
duct(s), two ducts, or vessels and ureter(s), two parts of a
ureter, or the ureter and bladder. As such, solid organ trans-
plant procedures would benefit from the preoperative assess-
ment of the patency of vessels, ducts, and ureters of the donor
organs, and intra-operative and postoperative verification of
anastomoses and the patency of blood vessels, ducts, and
ureters of the transplanted organs, as well as other recipient
blood vessels, ducts, and ureters. It would be particularly
usetul to provide real time, 1.e. 1ntra-operative visual confir-
mation regarding the verification of anastomoses and patency
of vessels, e.g. vasculature. Traditional intra-operative imag-
ing techniques, are frequently ineflective, expensive and
inconvenient. The need therefore exists for methods and sys-
tems for imaging vessels associated with solid organ trans-
plants which are safe, eflective, convemient and cost effective.
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2
SUMMARY OF THE INVENTION

In certain embodiments the invention provides a method of
intra-operatively determining the patency of at least one ves-
sel which 1s surgically joined to a transplanted organ in a
recipient subject comprising: a) administering a fluorescent
dye to the recipient subject; b) applying a suilicient amount of
energy to the vessel such that the fluorescent dye fluoresces;
c) obtaining a fluorescent 1image of the vessel surgically
joined to a transplanted organ; and d) observing the 1image to
determine 11 a fluorescent signal 1s continuous through the
vessel, wherein a continuous fluorescent signal in the vessel
indicates the vessel 1s patent.

In some embodiments, the invention provides a method of
determining the patency of at least one vessel which 1s
attached to a donor organ 1n a donor. The method includes the
steps of (a) administering a fluorescent dye to the donor
subject; (b) applying a sufficient amount of energy to the
vessel such that the fluorescent dye fluoresces; (¢) obtaining a
fluorescent image of the vessel attached to a donor organ; and
(d) observing the 1mage to determine 1t a fluorescent signal 1s
continuous through the vessel, wherein a continuous fluores-
cent signal 1n the vessel indicates the vessel 1s patent.

In some embodiments, the invention provides a method of
determining the patency of a donor organ. The method
includes the steps of (a) administering a fluorescent dye to the
vessel attached to the donor organ; (b) applying a suificient
amount of energy to the vessel such that the fluorescent dye
fluoresces; (¢) obtaining a fluorescent 1image of the donor
organ; and (d) observing the image to determine 11 a fluores-
cent signal 1s continuous through the donor organ, wherein a
continuous tluorescent signal in the donor organ indicates the
donor organ 1s patent. Either the entire or less than the entire
donor organ may be 1imaged according to the methods of the
invention.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and further advantages of the mvention may be
better understood by referring to the following description in
conjunction with the accompanying drawings in which:

FIG. 1 shows an example of an electrical configuration of
a system of the mvention.

FIG. 2 illustrates imaging software that may be used 1n
certain embodiments of the invention.

DETAILED DESCRIPTION

Heremnaiter, aspects in accordance with various embodi-
ments of the imnvention will be described. As used herein, any
term 1n the singular may be interpreted to be 1n the plural, and
alternatively, any term in the plural may be interpreted to be 1n
the singular.

Organ transplants of various types are performed routinely.
Solid organ transplants of all types require the joining of
vessels, e.g., blood vessels 1n order to attach the donor organ.
Some organ transplants, such as a pancreas transplant also
require the joining of a duct to a lumen, e.g. the pancreatic
duct to the digestive tract. Occlusion, due to, thrombosis,
plaque, or free floating endothelial matenal, for example, 1s a
risk associated with transplant surgery. The invention
described herein, in certain embodiments, provides a method
and a system which a surgeon can use intra-operatively to
determine if an anastomosis created during transplant surgery
1s patent. The invention also provides a method and system to
determine, pre-surgery, 1f a donor organ, or a vessel attached
to a donor organ, 1s patent.
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“Approximately”, “substantially” and “about” each mean
within 10%, preferably within 6%, more preferably within
4% even more preferably within 2%, and most preferably
within 0.5%.

Subject as used herein, refers to any animal. The animal
may be a mammal. Examples of suitable mammals include,
but are not limited to, humans, non-human primates, dogs,
cats, sheep, cows, p1gs, horses, mice, rats, rabbits, and guinea
p1gs.

Recipient subject, as used herein, refers to a subject that 1s
receiving a solid organ transplant.

Computer, as used herein, refers to a conventional com-
puter as understood by the skilled artisan. For example, a
computer generally includes a central processing unit that
may be implemented with a conventional microprocessor, a
random access memory (RAM) for temporary storage of
information, and a read only memory (ROM) for permanent
storage of information. A memory controller 1s provided for
controlling RAM. A bus interconnects the components of the
computer system. A bus controller 1s provided for controlling
the bus. An interrupt controller 1s used for receiving and
processing various interrupt signals from the system compo-
nents. Mass storage may be provided by diskette, CD ROM or
hard drive. Data and software may be exchanged with com-
puter system via removable media such as the diskette or CD
ROM. A CD ROM drive 1s connected to the bus by the
controller. The hard disk 1s part of a fixed disk drive that 1s
connected to the bus by a controller. User input to the com-
puter may be provided by a number of devices. For example,
a keyboard and mouse may be connected to the bus by a
controller. An audio transducer that might act as both a micro-
phone and a speaker may be connected to the bus by an audio
controller. It will be obvious to those reasonably skilled 1n the
art that other input devices, such as a pen and/or tablet may be
connected to the bus and an appropriate controller and sofit-
ware, as required. A visual display can be generated by a
video controller that controls a video display. Preferably, the
computer further includes a network interface that allows the
system to be imterconnected to a local area network (LAN) or
a wide area network (WAN). Operation of the computer 1s
generally controlled and coordinated by operating system
soltware, such as the Solaris operating system, commercially
available from Sun Microsystems, the UNIX® operating sys-
tem, commercially available from The Open Group, Cam-
bridge, Mass., the OS/2® operating system, commercially
available from International Business Machines Corporation,
Boca Raton, Fla., or the Windows N'T operating system, com-
mercially available from MicroSoit Corp., Redmond, Wash.
The operating system controls allocation of system resources
and performs tasks such as processing scheduling, memory
management, networking, and 1I/O services, among things. In
particular, an operating system resident 1n system memory
and running on the CPU coordinates the operation of the other
clements of computer.

Donor subject, as used herein, refers to a subject that 1s
donating a solid organ for transplant. The donor subject may
be alive or dead (1.e., a cadaver).

Duct, as used herein, refers to a vessel having a lumen 1n
which a liquid 1s carried or transported. In some living organ-
1sms ducts are found for example in liver and 1n glands, such
as sweat glands, or the pancreas. The pancreas secretes diges-
tive enzymes via a duct, however, it also secretes mnsulin from
the Islets of Langerhans directly into the blood without any
duct.

Arterial graft, as used herein, refers to a natural or synthetic
vessel, which delivers blood to a transplanted solid organ. It
can be dertved from the donor subject, the recipient subject,
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or a different subject. It can include a vessel made from a
synthetic matenal, or a naturally derived material (1.e. from a
living organism) or a combination of a natural and synthetic
material.

Venous graft, as used herein, refers to a natural or synthetic
vessel, which drains blood from a transplanted solid organ. It
can be dertved from the donor subject, the recipient subject,
or a different subject. It can include a vessel made from a
synthetic material, or a naturally derived matenal (1.e. from a
living organism) or a combination of a natural and synthetic
material.

Vessel as used herein includes any tube having a lumen
capable of transporting a flmd within a subject e.g., veins,
arteries and ducts.

Methods of the Invention

In certain embodiments the invention provides a method of
intra-operatively determining the patency of at least one ves-
sel, or at least one anastomosis between two vessels, or at
least one anastomosis between a vessel and an 1ntervening
duct or vessel of an organ, or at least one anastomosis between
a vessel and an organ, where the vessel 1s surgically joined to
a transplanted organ in a recipient subject. The method com-
prises administering a fluorescent dye to the subject and
exposing at least one of the transplanted organ, the vessel, and
the anastomosis, to a form of radiant energy, such that the
fluorescent dye tluoresces and obtaining an 1image of at least
one of the vessel, the anastomosis, and the transplanted solid
organ. The image may be obtained intra-operatively. Thus, 1n
some embodiments, the vessel may be a surgically exposed
vessel which communicates with the transplanted organ.

The mvention also contemplates, in some embodiments,
obtaining a plurality of images. The plurality of 1mages may
be compared to each other to determine the effectiveness of a
therapy, e.g. an administered pharmaceutical compound, a
surgical procedure.

In certain embodiments the invention provides a method
for determining the patency of a vessel attached to a donor
organ, or determining the patency of a donor organ itself. The
method comprises a) administering a fluorescent dye to the
donor subject or donor organ; b) applying a suificient amount
of energy to the donor organ and attached vessel such that the
fluorescent dye tluoresces; ¢) obtaining a fluorescent image of
the donor organ, or a fluorescent image of the vessel attached
to the donor organ; and d) observing the 1mage to determine
il a fluorescent signal 1s continuous through the donor organ
or the vessel attached to the donor organ, wherein a continu-
ous fluorescent signal 1n the vessel, or the organ indicates the
vessel 1s patent.

In certain embodiments the invention provides a method of
determining the patency of a vessel comprising a lumen. In
some embodiments patency may be determined by visually
ispecting an image of the vessel. As an example, but not as a
limitation, a continuous signal from a dye that 1s uniform 1n
thickness may indicate patency. As another non-limiting
example an 1mage displaying jagged edges, or a change 1n
thickness may indicate stenosis. Similarly a discontinuous
signal may i1ndicate occlusion.

Solid Organs

The method of the invention may be used in any organ
transplant surgery provided at least one vessel from the
recipient communicates either directly, or indirectly, e.g., via
an mtervening vessel, with the transplanted organ, or a vessel
attached to the transplanted organ. The organ may be anatural
organ obtained from a donor subject or man-made synthetic
organ, or a combination of the two, 1.e., part naturally dertved
and part synthetic. Transplants involving more than one organ
are also contemplated by the mvention. The vessel may be
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synthetic, 1.e., man-made or natural, 1.e. derived from a bio-
logical source, including an allograft, an autograit and a
xenograft, or a combination of a biological and synthetic
source.

As an example, but not as a limitation, the solid organ
transplant may be chosen from a heart, a lung, a liver, a
kidney, a pancreas, any combination of heart, lung, pancreas,
liver and kidney. The organ may be obtained from a living
donor or a deceased donor. The organ may be a whole organ
or apart of an organ. For example liver transplants can involve
the transplant of a whole liver, or a part of the liver.

Where the transplanted solid organ 1s a heart the method of
the mvention may be used to determine the patency of any
vessel anastomosed to the heart, e.g., inferior vena cava,
superior vena cava, atrial cuils, aortic root, aorta and its
branches (e.g., descending aorta, common carotid, subcla-
vian), pulmonary trunk, pulmonary artery, pulmonary vein,
or their combined anastomosis to the atrium. Where the trans-
planted solid organ 1s a lung the method of the invention may
be used to determine the patency of any vessel anastomosed to
the lung, e.g., pulmonary vein, pulmonary artery. Where the
transplanted solid organ 1s a liver the method of the invention
may be used to determine the patency of any vessel anasto-
mosed to the liver, e.g., the hepatic artery, the hepatic vein,
and branches of either, the portal vein, as well as, the bile duct
and 1ts branches. Where the transplanted solid organ 1s a
kidney the method of the invention may be used to determine
the patency of any vessel anastomosed to the kidney, e.g., the
renal artery, the renal vein, the ureter. Where the transplanted
solid organ 1s a pancreas the method of the invention may be
used to determine the patency of any vessel anastomosed to
the pancreas, ¢.g., the splenic artery and 1ts branches, the
pancreaticoduodenal arteries and 1ts branches, the pancreatic
duct. The vessel may be an arterial grait or venous graft in any
of the solid organ transplants described herein.

Dyes

Suitable fluorescent dyes include any non-toxic dye which
fluoresces when exposed to radiant energy, e.g. light. In cer-
tain embodiments the dye 1s a fluorescent dye that emaits light
in the inira red spectrum. In certain embodiments the dye 1s a
tricarbocyanine dye such as indocyanine green (ICG). In
other embodiments the dye 1s selected from fluorescein
isothiocyanate, rhodamine, phycoerythrin, phycocyanin,
allophycocyanin, o-phthaldehyde, fluorescamine, Rose Ben-
gal, trypan blue, and fluoro-gold. The atorementioned dyes
may be mixed or combined in certain embodiments. In some
embodiments dye analogs may be used. A dye analog
includes a dye that has been chemically modified, but still
retains 1ts ability to fluoresce when exposed to radiant energy
ol an appropriate wavelength.

In some embodiments the dye may be administered intra-
venously, e.g., as a bolus injection. In some embodiments the
bolus mjection may comprise a volume of about 0.5 ml. In
other embodiments the bolus 1njection may comprise a vol-
ume 1in the range of about 0.1 ml to about 10 ml. In some
embodiments the dye may be injected 1nto a vein or artery. In
yet other embodiments the dye may be injected directly into
the transplanted organ. In still other embodiments, the dye 1s
injected within abouta 15 cm radius of the transplanted organ.
In yet other embodiments the dye may be administered
parenterally. Where multiple dyes are used they may be
administered simultancously, e.g. 1 a single bolus, or
sequentially, e.g. in separate boluses. In some embodiments
the dye may be administered by a catheter, e.g. during a
mimmally ivasive procedure.

The dye may be administered at a suitable concentration
such that the fluorescence may be detected when the appro-
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priate wavelength of radiant energy 1s applied. In some
embodiments where the dye 1s ICG a suitable concentration 1s
about 0.03 mg/ml at the site of detection. In other embodi-
ments a suitable concentration of ICG 1s 1n the range of about
0.003 mg/ml to about 75 mg/ml. In some embodiments the
ICG 1s administered 1n the range of about 1 mg/kg body
weilght to about 6 mg/kg body weight. In yet other embodi-
ments the dye 1s administered at a concentration of about 0.5
mg/kg body weight. In still other embodiments the dye 1s
administered 1n a range of about 0.01 mg/kg body weight to
about 3 mg/kg body weight. In certain embodiments a suit-
able maximum daily dose of ICG may be admimistered to a
subject. The maximum daily dose may be in the range of
about 70 mg-about 140 mg.

The dye may be provided as a lyophilized powder or solid.
In certain embodiments 1t may be provided 1n a vial, e.g. a
sterile vial which may permit reconstitution with a sterile
syringe. It may be reconstituted using any appropriate carrier
or diluent. Examples of carniers and diluents are provided
below. In certain embodiments the dye may be reconstituted
at a concentration 1n the range of about 0.001 mg/ml-100
mg/ml. In other embodiments the dye 1s reconstituted to a
concentration of about 10 mg/ml, about 20 mg/ml, about 30
mg/ml, about 40 mg/ml, about 50 mg/ml. The dye may be
reconstituted, e.g., with water, immediately before adminis-
tration.

In certain embodiments the dye may be administered to the
subject less than an hour in advance of obtaining an 1image. In
some embodiments the dye may be administered to the sub-
ject less than 30 minutes 1n advance of obtaining an 1mage in
yet other embodiments the dye may be administered at least
30 seconds 1n advance of obtaining an 1mage. In still other
embodiments the dye 1s admimstered contemporaneously
with obtaining an 1mage.

Diluents and Carriers

Any diluent or carrier which will maintain the dye in solu-
tion may be used. As an example, in certain embodiments
where the dye 1s ICG the dye may be reconstituted with water.
In other embodiments where the dye 1s ICG, the dye may be
reconstituted with an alcohol, e.g. ethyl alcohol. In some
embodiments once the dye 1s reconstituted 1t may be mixed
with additional diluents and carriers. In some embodiments
the dye may be conjugated to another molecule, e.g., a pro-
tein, a peptide, an amino acid, a synthetic polymer, or a sugar
¢.g., to enhance solubility or to enhance stability.

Additional examples of diluents and carriers which may be
used 1n the invention include glycerin, polyethylene glycol,
propylene glycol, polysorbate 80, Tweens, liposomes, amino
acids, lecithin, dodecyl sulfate, phospholipids, deoxycholate,
soybean o1l, vegetable oil, saftlower o1l, sesame oil, peanut
o1l, cottonseed o1l, sorbitol, acacia, aluminum monostearate,
polyoxyethylated fatty adds, and mixtures thereof. Additional
buffering agents may optionally be added including Tris,
HCI, NaOH, phosphate butfer, HEPES.

Radiant Energy

In certain embodiments of the mnvention radiant energy 1s
applied to the transplanted solid organ, or a vessel communi-
cating directly, or indirectly with the solid transplanted organ,
in an amount suflicient to cause a fluorescent dye to fluoresce
thereby permitting at least one of the transplanted solid organ,
or a vessel communicating directly, or indirectly with the
solid transplanted organ to be imaged. In some embodiments
the energy 1s light energy. In some embodiments the source of
the light energy 1s a laser. An example of a suitable laser 1s the
Magnum 3000 (Lasiris St-Laurent, Quebec, Canada), how-
ever, the skilled artisan will appreciate many other suitable
lasers are commercially available. The laser may be com-
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prised of a driver and diode. Preferably, the laser 1s a high
power laser diode (HPLDs). Examples of HPLDs include

AllnGaAsP lasers and GaAs lasers which are well known in
the art. Such sources can be single diodes (single emitters), or
diode-laser bars, which are made from edge emitting semi-
conductor chups. The laser may optionally include a filter, e.g.
a bandpass filter, to ensure that the emitted radiation 1s of a
substantially uniform wavelength. The laser may comprise
optics for diverging the laser. The optics may be adjustable
permitting variation in the field of 1llumination. The adjust-
able optics may also be used to provide even 1llumination over
a given area.

In some embodiments the laser output 1s continuous or
quasi continuous. In other embodiments the laser output 1s
pulsed. The pulsed output may be synchronized with image
acquisition by using a pulse generator. In some embodiments
the laser pulse may last for at least 3 femtoseconds. In some
embodiments the laser output lasts for about 30 seconds. In
other embodiments the laser output lasts about 0.5 seconds-

about 60 seconds. A suitable repetition rate for the pulsed
lasermay be intherange ofe.g., 1 Hz-80MHz, 10 Hz-100 Hz,

100 Hz-1 kHz, 1 kHz-100 kHz, 100 kHz-80 MHz. In some
embodiments the laser may be operated at power output of 2.2
watts. In other embodiments the laser may be operated at
power output 1n the range of 1-4 watts. In still other embodi-
ments the average power 1s less than 5 watts.

In some embodiments the source of the light energy 1s an
incandescent light with an appropriate filter so as to provide a
suitable wavelength of light to induce the fluorescent dye to
fluoresce. In yet other embodiments the light source 1s light
emitting diode (LED). In some embodiments the light energy
may have a wavelength 1n the range of 150 nm-1500 nm. In
other embodiments the light energy may be comprised of
inira red light. In some embodiments the administered light
has a wavelength of about 805 nm. In other embodiments the
administered light has a wavelength 1n the range of about 805
nm-850 nm. The light energy may be administered at a wave-
length which 1s shorter than the collection wavelength, 1.e.
detection wavelength. The light energy may be administered
diffusely so as not to damage the rradiated tissue. In some
embodiments the light 1s administered over an area of about
7.5 cmx7.5 cm. In other embodiments the light 15 adminis-
tered over an area 1n the range of about 1 cmx1 cm to about 20
cmx20 cm. As described above, multiple dyes may be used 1in
some embodiments. In these embodiments, multiple light
sources may be used, e.g., a first laser to excite a first dye and
a second laser to excite the second dye. The skilled artisan
will understand that the light source will be chosen or con-
figured to excite a particular dye. In another embodiment, a
single light source may be configured to excite multiple dyes,
¢.g., by alternating the wavelength at which energy 1s emitted.
Image Acquisition
Image acquisition may be achieved using any sensor
capable of detecting a fluorescent signal. Examples include
silicon based sensors, composite metal oxide semi oxide
(CMOS) sensors and photographic film. In one embodiment
the sensor comprises a camera, €.g. charge coupled device
(CCD). Examples of a CCD include the Hitach1 KP-M2;
KP-M3 (Hitachi, Tokyo, Japan).

In certain embodiments an endoscope may be used, e.g.,
for interventional applications. It includes a sensor. The endo-
scope may additionally comprise a source of radiant energy.
The endoscope may be comprised of optical fibers. In certain
other embodiments a microscope comprising a sensor may be
used, e.g., a surgical microscope. In another embodiment the
sensor comprises a video camera. In certain embodiments the
sensor may capture images at the rate of at least 10 per second,
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at least 15 per second, at least 20 per second, at least 30 per
second, at least 50 per second. Thus in certain embodiments
the invention contemplates a plurality of 1mages. In other
embodiments the invention contemplates one 1image.

The camera may be comprised ol a means for focusing the
image. In certain embodiments the invention contemplates a
manual means for focusing an 1mage. In other embodiments
the invention contemplates an automated means for focusing
an 1mage. The camera may further be comprised of a lens
system that permits magnification of an image field.

In one embodiment the relative positioning of the camera

and laser 1s fixed so as to enhance clarity and minimize
background noise. In this embodiment the laser 1s located at
an angle of less than about 85° with respect to the axes of the
laser and the camera. In another embodiment the laser 1s
located at an angle from about 200 to about 700 with respect
to the axes of the laser and the camera.
In certain embodiments the camera relays the captured image
to an analog to digital converter and then through image
capture and processing software running on a computer. The
digital image of the fluorescing agent, corresponding to the
transplanted organ and/or communicating vessel, may then
be displayed on a monitor and recorded by the computer or a
peripheral device. The image may be stored in any suitable
medium, e.g., a hard drive, an optical disk, magnetic tape. The
camera may also direct images to a television/VCR system
such that the 1mages may be displayed 1n real time, recorded
and played back at a later time.

Systems of the Invention

In certain embodiments the invention provides a system for
imaging at least one vessel jomned to a transplanted solid
organ, see, €.g., FIG. 1. The system may be used intra-opera-

tively during transplant surgery to visualize at least one sur-
gically exposed vessel which 1s joined to the transplanted
organ.

System Overview

FIG. 1 1llustrates an example of an electrical configuration
of a system of the mvention. In one embodiment, power
supply 110 provides energy to thermo-electric cooler and
controller 120, energy source 130 and controller/timing cir-
cuit 140. The controller 120 controls the temperature of
energy source 130. For example, the temperature of a diode
laser affects 1ts operating wavelength, (e.g., a 0.3 nm shift per
degree Celsius). In some embodiments, as described below,
the energy source 130 may not be a diode laser, and hence a
controller 120 may not be necessary. Controller/timing cir-
cuit 140 times the energy source 130 to the detector/camera
100 through computer 150. System computer 150 recerves
instructions from computer 150. It also includes 1mage pro-
cessing soltware on computer 150 readable medium. Com-
puter 150 1s 1n electrical communication with camera 100 and
display 160. Display 160 recerves image data from computer
150 and displays 1t. As described above, 1n some embodi-
ments, the energy source 130 1s a laser. It has a fiber 170
through which light energy 1s transmitted. Fiber 170 connects
to 1llumination lens 180 through which light 1s 1lluminated
when mechanical shutter 190 1s open. An emission filter 210
may be used to filter light above or below the wavelengths at
which the fluorescent dye 1s excited. In other embodiments,
the energy source 130 may be an LED. It would directly
illuminate the tissue of interest (1.e., no fiber 170 may be
required.) The light energy irradiates a tissue of interest.
Camera 100 captures radiation emitted by the dye after 1t 1s
excited and transmits detected data to computer 150. The lens
180, fiber 170, and camera 100 are part of imaging head 230.
The head 230 may be an articulating head. In some embodi-
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ments, head 230 further includes a distance sensor/focus indi-
cator 220. The components of the systems of the invention are
turther described herein.

In certain embodiments, the system comprises: a) an
energy source 130 capable of emitting suificient energy such
that the fluorescent dye fluoresces; and b) an 1imaging head
230. The system 1s configured for use with methods disclosed
herein. In some embodiments, the system further includes
one or more of; ¢) an articulating arm; €) a computer 230 and
monitor; d) image processing soltware; €) an electrical power
source; and 1) a housing for containing a-1, wherein the hous-
ing 1s portable and comprises at least 2 wheels. In some
embodiments the system may also comprise at least one of the
following: a motion sensor; a distance sensor 220; a sterile
crape; and a printer. The system may further comprise an
instruction booklet. The system may be portable and thus may
be transported 1n and out of the operating room. The system
may be self standing and thus does not require to be held by a
physician or a technician.

The imaging head 230 may be comprised of a sensor 220,
¢.g., a camera 100. The imaging head 230, may in some
embodiments also contain the energy source 130, e.g. the
laser. In some embodiments the laser contained within the

imaging head 230 provides a nominal ocular hazard distance
(NOHD) of about 27 cm. The NOHD 1s the distance at which
the beam 1rradiance or radiant exposure equals the corneal
maximum permissible exposure. In certain embodiments the
imaging head 230 1s joined to the housing by virtue of the
articulating arm.

The articulated arm provides six degrees of freedom for the
imaging head 230. The imaging head 230 can be translated
and positioned in three linear movements (X, Y and Z), and
three angular movements (pitch, yvaw and roll). Pitch 1s the
rotation of the imaging head 230 about the Y axis. Roll 1s the
rotation of the SPY HEAD about the X axis and Yaw 1s the
rotation of the SPY HEAD about the Z axis.

The articulated arm 1s comprised of three sections, the
horizontal section, the articulated section and the yoke. The
horizontal section attaches to the cart, or housing, and pro-
vides movement along the horizontal axis (X axis and also
roll) and can move 1n 270 degrees of freedom. The articulated
section 1s hinged in the middle of 1ts length forming two
segments. Each segment can rotate with 90 degrees of free-
dom 1n one axis. The articulated section provides movement
in the vertical axis (Z and also X and Y). The yoke section 1s
a curved section that attaches to the distal end of the articu-
lated section. The yoke has two rotational attachment points.
One point attaches to the articulated arm and the other to the
imaging head 230. The yoke provides the imaging head 230
two rotational degrees of freedom (pitch and roll). The articu-
lating arm thus provides a means for positioning the imaging
head 230 directly over the subject.

In certain embodiments the imaging head 230 1s positioned
above the patient and the appropnate field of view 1s obtained
with the aid of real time 1mages on a computer 150 monaitor.
The physician may adjust the range of focus, e.g., by inter-
mittently observing images on the computer 150 monitor. In
another embodiment two laser pointers are provided, e.g., one
at each end of the imaging head 230. The laser beams may
radiate green light. The laser beams from the pointers point
down toward the patient and provide a means of focusing the
camera 100, without the need to look away from the patient,
¢.g., at a computer 150 screen. When the two dots from the
laser beams converge the centre of the 1mage 1s determined.
The device may be provided with buttons that allow for manu-

ally turning the laser pointers on and off. The buttons may be
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covered by the sterile drape, but may protrude enough to
facilitate ease 1n switching the laser pointers on and off.

In certain embodiments the computer 150 1s a personal
computer comprising at least 512 Megabytes of random
access memory (RAM) and at least 10 Gigabytes of storage.
In some embodiments the computer 150 may contain a Pen-
titum IV processor (Intel, Santa Clara, Calif.). In some
embodiments the computer 150 may also have aCD and DVD
drive. The drive may have read and write functionality. The
system also provides image processing soltware.

FIG. 2 illustrates a flowchart of software that may be used
within the scope of the present invention. The skilled artisan
will understand that such software includes instructions
stored on computer-readable medium. When executed, the
soltware program provides instructions to the 1s computer
processor as described below. The skilled artisan will further
understand that the computer 1s 1n communication with the
laser, sensor and display as described herein.

At start (step 10) the user may be presented with multiple
dialog boxes or other common user interface paradigms. For
example, the user may be queried about whether he wishes to
start a new study (step 20). If the user indicates that he does,
he may be instructed to mnput or otherwise select a patient for
the study. For example, the user may be prompted to choose
aname from a list linked to a database that 1s accessible to the
computer. Alternately, he may be prompted to input a patient
identifier. The computer may then access the database to
determine the existence of additional information associated
with the patient, and preferably to obtain such information. In
a preferred embodiment, the software requires the user to
input or otherwise select values for Patient First Name, Last
Name and ID number fields. Most preferably, suificient infor-
mation 1s mputted or otherwise loaded so that images may be
stored according to the Digital Imaging and Communications
In Medicne (DICOM) standard. The DICOM Standard 1s a
product of the DICOM Standards Commuittee and 1ts many
International working groups. Day-to-day operations are
managed by the National Electrical Manufacturers Associa-
tion (Rosslyn, Va.). The standard 1s publicly available at the
website http://medical.nema.org/, and 1s incorporated herein
by reference 1n 1its entirety.

After patient data 1s inputted, the monitor or other display
displays 1mages captured by the camera or other sensor 1n
communication with the computer (step 40). At this point, the
user can change the position, orientation, gain or other param-
cter of the camera to obtain a desired view of the patient.

Alternately, the user may choose to continue a study (step
25) at start 10. Upon such indication, the process proceeds to
step 40.

Once the 1mage 1s displayed, the user 1s prompted to 1ndi-
cate whether he wishes to copy sequences (step 35) or acquire
sequence (step 30). The term “sequences’ refers to data asso-
ciated with real-time 1mages captured by a camera or other
sensor 1n communication with the computer. Once the user
indicates that he wants to acquire images from the sensor 1n
step 50, the computer causes the laser to turn on, and it stores
the video sequence obtained from the sensor in RAM (step
70). Real time 1mages continue to be displayed on the display.
The user 1s then queried about whether he wishes to turn the
laser off (step 80). If he indicates that he does, the computer
causes the laser to shut off (step 100). Alternately, if the user
does not indicate that he wants to shut oft the laser, the
computer determines whether a pre-determined amount of
time (e.g., 34 seconds) has elapsed from step 60. Once that
pre-determined amount of time has elapsed, the computer
causes the laser to shut off. The video sequences continue to
be stored in RAM until the laser 1s turned off. Once the laser
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1s turned off, the user 1s queried as to whether he wishes to
save the sequence (step 110). IT he indicates 1n the affirmative,
then the sequences are stored to hard drive (step 120) or other
media.

Returming now to step 40 for purposes of describing the
soltware, once the real time 1mage 1s displayed, the user 1s
queried as to whether he wishes to copy sequences (step 35).
If the user indicates that he does, the 1mages associated with
the study are selected and burned on compact disk or other
selected media (step 53). Alternately, the software may allow
the user to select specific images for storage on selected
media. Preferably, the image(s) are stored 1n a format that 1s
compatible with a picture archiving and computer system, for
example 1n a DICOM format.

In another embodiment, the camera may also direct images
to a television/VCR system such that the image(s) may be
displayed 1n real time and/or recorded and played back at a
later time. Since the 1mage(s) may be used to guide all or part
of the surgical procedure, the image(s) may be displayed
through out the length of the surgical procedure. In other
embodiments, the image(s) may be displayed for less than the
entire length of the surgical procedure. In another embodi-
ment the software permits manipulating the images after
acquisition, such as zooming, region of interest selection,
change of brightness and contrast, and displaying multiple
images simultaneously.

In certain embodiments the image processing soitware
permits selection of the optimal image for analysis. In some
embodiments the image processing software may permit
manipulation of contrast. In some embodiments the image
processing soltware can permit mampulation of resolution. In
another embodiment the 1mage processing soltware can per-
mit mampulation of the number of pixels 1n a field. In another
embodiment the 1image processing software may permit con-
trol of the rate at which images are acquired. The software
may be able to determine the relative contrast of one 1image
with another and thus select the 1images having the greatest
contrast for analysis, €.g., images of transplanted organs emiut-
ting detectable fluorescence.

In certain embodiments software on computer readable
media may be used to compare 1mages of pre and post treat-
ment vessels to determine tlow within the vessel, e.g., blood
flow, or used to compare pre and post tissues to determine
change 1n tissue perfusion. A change in fluid flow through one
or more vessels would be determined where the first and
second 1mages are fluorescent images of vessels, e.g., blood
vessels. A change 1n tissue perfusion would be determined
where the first and second 1images are fluorescent 1mages of
tissue. In certain embodiments, the software includes an algo-
rithm, e.g., pixel detection algorithm. In certain embodi-
ments, the software includes instructions for determining the
pixel imtensities or brightness of two registered images, e.g.,
by a pixel detection algorithm, and further includes nstruc-
tions for determining the change 1in pixel intensities between
the two 1mages. For example, a difference may be determined
by subtracting the intensity of a first pixel 1n the first image
from a second pixel 1n the second 1mage. In some embodi-
ments, the mean, median or mode difference 1s determined for
some or all pixels in the two 1mages. In some embodiments,
the two 1mages are registered and correspond to the same or
approximately same space or portion of the body part being
1maged In another embodiment, a global pixel 111ten81ty
value, such as mean, mode, or medlan pixel intensity 1s cal-
culated for each of the images and the difference in the two
values 1s determined. In yet another embodiment, more than
two 1mages may be taken, and the difference 1n individual,
mean, mode, or median pixel intensity may be determined
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over time. An increase 1n intensity in pixels pre to post treat-
ment indicates greater perfusion in tissue or fluid flow
through vessels, while a decrease may indicate a decrease in
perfusion 1n tissue or tlow through vessels. In another
embodiment, the software includes 1nstructions for determin-
ing the number of pixels in two or more 1mages that are
indicative of fluorescence and determining the difference
between these determined numbers. In some embodiments,
the difference 1s determined as a function over time. An
increase 1n the number of pixels indicative of fluorescence 1s
indicative of an 1ncrease or greater patency or flow, while a
decrease suggests less patency or tlow. |

In some embodiments, the two or more 1mages are regis-

tered. For example, a solid state accelerometer 1s used to
determine position of the 1maging head with respect to nor-
mal (earth’s gravity). The accelerometer measures accelera-
tion typically 1 units of meters/second squared. The steady
state signal or DC value of this signal can be used to determine
inclination with respect to vertical. The derivative with
respect to time of the accelerometer signal may be used to
determine velocity of the imaging head. The skilled artisan 1s
tamiliar with other registering techmques.
Thus, 1n one embodiment, the invention provides a method
for determining the success of a treatment 1n a subject who
has been administered a tluorescent dye as described herein.
The method includes the steps of (a) obtaiming a first fluores-
cent 1mage before a treatment, (b) obtaining a second fluo-
rescent 1mage after the treatment, and (c¢) comparing the
change 1n fluorescence between the first and second 1image to
determine whether the treatment has resulted in a greater or
lesser tissue perfusion or fluid flow 1 a vessel. In some
embodiments, pixel intensity may be compared between
more than two 1mages. In some embodiments, the pixel inten-
sity may be the mean, mode, or median pixel intensity of
pixels 1n an entire image part of an 1image. In certain embodi-
ments, the effect of lesion or antitumor therapy can be deter-
mined by determining whether there 1s a decrease in pixel
intensity, wherein a decrease in pixel intensity 1s indicative of
a decrease 1n perfusion or blood flow.

Examples of treatment may include anticancer drugs, sur-
gical bypass, open heart surgery, or any other therapeutic
regimen that 1s expected to result in an 1increase or decrease in
tissue perfusion or blood flow 1n an area of interest.

The system also provides, 1n certain embodiments, a hous-
ing to contain the computer, the monitor, the electrical supply,
the printer, and the imaging head. The housing may be por-
table to permit movement within the operating room or alter-
natively to permit movement of the system 1n and out of the
operating room. In some embodiments the housing 1s com-
prised of at least two wheels. In other embodiments the hous-
ing 1s comprised of four wheels. The wheels may have locks
to prevent unwanted movement.

In certain embodiments the housing has a width of about 30
inches, a depth of about 35 inches and height of about 82
inches. In certain embodiments the housing width 1s less than
45 inches. In certain embodiments the depth 1s less than 45
inches. In certain embodiments the height 1s less than 102
inches. The housing 1s not hand held, and thus the system 1s
not required to be hand held.

The electrical power supply may be comprised of a lock in
some embodiments. The lock serves as a safety device to
prevent mmadvertent activation of the system, in particular
activation of the laser.

In some embodiments the system may be comprised of a
motion detector. The motion detector determines 1f the 1mag-
ing head moves. In certain embodiments the system com-
prises a distance sensor. The distance sensor determines the
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distance between the imaging head and another object, e.g.
the subject. In some embodiments 1t mncorporates a visual
display which provides feedback to a physician so that the
laser and camera may be located at a distance from the tissue
ol interest that 1s optimal for capturing high quality images,
thereby minimizing the need for focusing the camera during,
the procedure. The motion sensor and distance sensor may
cach be located on the 1maging head, for example.

In some embodiments the system comprises a sterile drape.
The sterile drape covers the articulating arm to prevent or
mimmize the risk of contamination of the subject. The sterile
drape may have an aperture in it. The aperture may be covered
with a material which 1s capable of transmitting radiant
energy, €.g., inira red light generated by a laser.

Apparatus

Certain embodiments of the invention provide an apparatus
which may be used for intra-operative imaging, €.g., 1n a
surgical suite. The apparatus may be portable so that itmay be
conveniently transported into and out of an operating room.
The apparatus may be free standing and thus not require a
physician, nurse or technician to hold 1t. The apparatus may
include one or more systems of the invention. In some
embodiments the apparatus may also comprise at least one of
the following: a motion sensor; a distance sensor; a sterile
drape; and a printer. In some embodiments the housing is
comprised of at least two wheels. In other embodiments the
housing 1s comprised of four wheels. The wheels may have
locks to prevent unwanted movement. The apparatus may
also comprise a focusing device, e.g., at least one focusing
laser, e.g. a first and a second laser pointer, the first laser
pointer positioned at a first end of the imaging head, and a
second laser pointer positioned at a second end of the imaging
head. The two laser pointers may be provide radiant light in
the green wavelength range and may provide a means of
focusing the camera.

The apparatus may be of a suitable size so that 1t 1s free
standing, but 1s small enough so as notto provide a significant
obstruction 1n an operating room. In certain embodiments the
apparatus has a width of about 30 inches, a depth of about 35
inches and height of about 82 1inches. In certain embodiments
the apparatus width 1s less than 45 inches. In certain embodi-
ments the apparatus depth 1s less than 45 inches. In certain
embodiments the apparatus height is less than 102 inches.

Example 1

This example illustrates a system of the invention. The
imaging devices 1s made primarily of two subsystems that are
primarily optical 1n nature, an i1llumination subsystem and a
detection subsystem. Other subsystems are primarily electri-
cal or mechanical 1n nature. The i1llumination subsystem
includes a fiber-coupled, infrared laser, a light guide, and a
projector lens. The detection subsystem includes a high-qual-
ity imaging lens, a narrow bandpass filter, and a CCD camera.
The remainder of the system includes a laser, video display,
computer and other auxiliary control circuits. The system 1s
designed with an articulated arm with an 1maging head. The
imaging head contains the imaging and i1llumination optics
and electronics. The articulated arm allows the 1llumination
and 1maging systems to be positioned over the field of opera-
tion.

Mounted 1nside this imaging head are the filter and CCD
camera, a distance sensor and the light guide and projection
lens. A power delivery optical fiber i1s routed through the
articulated arm connecting the laser to the light guide 1n a
low-loss manner.
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[1lumination Subsystem

A fiber-coupled diode laser with a nominal 2 W output 1s
used as a light source. Wavelength 1s specified to be 806 nm,
which can be reached through use of a thermo-electric cooler
attached to the laser mechanical package. For the nominally
30% efficient laser, a heat load of about 7 W would be offered
to the surrounding mechanical structure. The temperature of
a diode laser aflfects 1ts operating wavelength, typically 0.3
nm shift per degree C. Additionally, diode lasers have a maxi-
mum operating temperature that must never be exceeded.
These factors make a temperature control circuit not merely
good engineering practice, but also an environmental require-
ment to achieve long lifetimes (10,000+ hours).

Since modern diode laser manufacturing practice cannot
tightly control the power vs. current characteristic, each diode
1s different, and the maximum power for each unit will be
different. The assembly and calibration procedure will indi-
vidually set the operating current for each unit differently.
Since a requirement of the system 1s to deliver a fixed amount
of power to the patient (2.0 W nominal), the 1llumination
subsystem will be designed with a high enough efliciency to
guarantee an excess of power delivered when the laser 1s run
at maximum current. During final calibration of the system,
the laser diode current will be decreased from maximum to
reach the 2.0 W requirements.

The output spectrum of most diode lasers 1s not “line-like”
as 1n an 1deal laser. The spectrum extends over several nm and
usually shows prominent peaks. There 1s also a broad (several
10°s of nm wide) low-level pedestal of power. For most fluo-
rescence excitation applications, the broad spectral output of
these high-power laser diodes requires an external excitation
filter to prevent overlapping of the laser light with the emis-
s1on band. Prototype experiments performed have shown that

this extra filter 1s not required to achieve a good signal-to-
noise ratio 1n the detected fluorescent image.

Power Delivery Fiber

The system uses a fiber optic cable to carry to the optical
power Irom the laser diode to the optics. The laser’s fiber 1s a
multimode fiber, whose core can support many modes of laser
transmission. This transters power without burning the fiber.
The core diameter (which sets the effective emitting area) 1s
about 200 microns. The spatial pattern of light emitting from
the fiber end 1s approximately a top hat (with rounded cor-
ners) in angle. The output 1s characterized by the fiber
Numerical Aperture (NA) which 1s the sine of the half angle
corresponding to the HWHM. A typical power delivery fiber
would have an output NA-0.15, corresponding to a FWHM of
about 17°.

Light Guide

To project a square 1llumination pattern of roughly 76x76
mm the light from the fiber 1s coupled to a light guide with a
square cross section. The light guide may be made of any
number of acceptable glasses (e.g. BK7). Note that some
optical glasses (e.g. Pyrex) or clear plastics (e.g. polycarbon-
ate) have a large bubble density or high refractive index
in-homogeneity. This can lead to significant extraneous
losses. The approximate dimensions are 0.25x0.25x4.00
inches. All faces should be polished to approximately 50/80
scratch/dig and flat to within about 5 waves. Protective cham-
ters (usually a good 1dea) are to be avoided here since they
also can lead to significant extraneous loses.

The purpose of the light guide 1s to homogenize the laser
light. The coupling from the fiber 1s simply an air gap of a few
millimeters. The only requirement 1s that the end-face of the
light guide capture all of the emitted cone of light from the
fiber. Thus, for 0.22 NA fiber, the fiber 1s positioned no further

away than 14 mm.
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The operation of the light guide 1s now described. At each
point on the exit face, the total laser field 1s the sum of several
ficlds, some of which have undergone one or more total
internal reflections. I1 scattering losses are kept low, the total
power reaching the exit face equals the input power from the
fiber, minus Fresnel losses at the end-faces. The radiant dis-
tribution 1s no longer a cone emitted from a small fiber core,
but a homogenized, square emitter, with maximum angle
equal to the fiber cone angle. Homogeneity improves with
length of the light guide. Non-sequential ray-tracing calcula-
tions show uniformity with about 20% {falloil at the edges
after only 4 inches of guide. This 1s not a diffuse emuitter, since
for each point on the end-face there are certain definite angles
ol emission.

Mechanical Interface

The light guide has only a mechanical interface. Prefer-
ably, the light guide entry face needs to be within 14 mm of
the power delivery fiber exit ferrule. ITthe cone of light 1s tight
enough, the groove can have a depth of 1 mm without signifi-
cantly attenuating the light.

The entry face 1s furthermore tilted with respect to the long
axis of the light guide. This allows mechanical access to the
Fresnel-reflected beam. A photodiode 1s placed within this
“stray” beam as a power monitoring device. A tilt angle of 20°
1s arbitrarily chosen as a compromise. The larger the angle,
the easier it 1s for photodiode access and space for fiber
connector. The smaller the angle, the easier to manufacture
without edge chips and the more robust the overall unait.
Optically, coatings can minimize the retlection for just about
any angle, but for steep angles of incidence, there can be a
great difference in the reflection coelficients for the two
orthogonal polarizations. It’s best to keep the diflerence small
and use near-normal 1ncidence angles.

Projection Lens

To project the object of square-faced emitter to the region
of interest about 30 cm away, a simple two-element air-
spaced condenser lens 1s used. Since we want to create an
illuminated region of 76.2x76.2 mm from a 6.35x6.35 mm
emitter, we need a magnification of 12.0x. This defines the
rat1o of image to object distance. For 320 mm (allowing some
mechanical clearance for packaging), the required object dis-
tance 1s 26.7 mm. This corresponds to using a lens with a focal
length of about 25 mm. The positional tolerance here is
approximately 0.5 mm.

Power Monitor

A photodiode and preamp circuit 1s included 1n the 1llumi-
nation subsystem to monitor the power being transmitted to
the patient. The photodiode will be observing a small amount
of light reflecting from the input face of the light guide.
Without an anti-reflective coating, we expect about 4% of the
total to be reflected, the usual Fresnel reflection, valid for
small angles. To accommodate the reflected light, either the
input face will be tilted slightly with respect to the axis of the
light guide, or the fiber output will couple to the input face at
a shallow angle.

The Fresnel retlections at both exit and entry faces can be
either measured or calculated. The transmission of the con-
denser lens can be either measured or calculated. These char-
acteristics that affect the total power delivered to the patient
are quantities which do not change 1n time. It 1s a simple
matter to generate a linear equation of power delivered to
patient versus monitor photocurrent.

Detection Subsystem/Emission Filter

The Infrared light from the laser at 806 nm excites fluores-
cence mdocyanine green, which has been injected into the
subject’s bloodstream. The dye emits fluorescence at a peak
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wavelength of 830 nm. An emission filter 1s used to block the
scattered laser light and pass the fluorescent light. Hence the
filter 1s a bandpass filter.

The bandpass filter characteristics are a pass band centered
at 830+5 nm and a 10 nm FWHM. It has a minimum attenu-
ation 1n the stop band of OD 4.

The filter blocks the excitation laser light and the ambient
light too. Hence, the device may be used 1n a brightly 1llumi-
nated operating room.

Imaging Lens

The imaging lens 1s a commercial quality photographic
lens with a male C-mount thread for attachment to the flange
on the camera. The speed should be as fast as possible to
collect the fluorescent light with the greatest efficiency. An
initial specification 1s one which 1s commonly available 1n a
variety of focal lengths—1/1.4. The CCD camera contains a
CCD 1mage sensor which 1s 6.45x4.84 mm (%2 inch format).
With a 16 mm focal length lens (commonly available focal
length), the sensor “sees” a field of 122x92 mm, just over the
required 75x75 mm.

CCD Camera

The CCD camera used 1s a commercially available unit
from Hitachi. The KP-M2R has a spectral response that peaks

at 640 nm and 1s useful 1n the NIR. Flectrical power require-
ment 1s 12 VDC at 180 mA. Video output 1s via RS-170 on a

standard BNC mount.

Specification of Laser Class.

To determine the laser class, use 21 CFR 1040.10 as the
governing document. We start with a nominal 3 W laser
output from the square 6.35x6.35 mm ematter. This radiation
1s 1accessible during normal operation. It passes through a
projection lens to be focused to an image about 300 mm away.
It 1s accessible during normal operation immediately after
this lens.

The power through an aperture needs to be known to deter-
mine laser class. This will be accomplished by estimating the
radiance of the final emitting surface (outer projection lens
surface) and calculating the radiant transfer integral. The final
surface of the light guide, while not truly diffuse, nonetheless
approximates a uniformly emitting area; 1.e. the power per
small unit area 1s constant over the area of the emitter. Addi-
tionally, the emission 1s bounded 1n angle space; very little

light 1s emitted at an angle greater than 8.6° (corresponding to
the input fiber NA of 0.15).

A good approximation to the radiance (power per unit area
per steradian) can be calculated this way. The total power
from the fiber endface 1s 3 W. There will be approximately the
same amount at the final condenser lens surface, assuming the
use of good AR coatings on all surfaces. The area covered by
the light on the final condenser surface 1s a square of about 13
mm on a side. Since the spacing from the light guide endface
to the final condenser surface 1s 33.6 mm, simple geometry
would give 16.5 mm using the 8.6° emission angle. The
refraction at the first lens 1n the condenser makes this a bit
smaller. A ZEMAX™ ray-trace calculation which includes
the full refractive effects of all lens surfaces yields 13 mm.
The emitting area is 1.69 ¢cm®. Since this lens projects an
image 75x75 mm at 300 mm away, the new maximum emis-
sion angle 1s 5.9°, corresponding to a new solid angle of
33.3x107° sr. Dividing the power by the area and the solid
angle gives .=53.3 W/cm” sr.
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The radiant transfer of power ® from a source (subscript s)
to a detector (subscript d) 1s

LcosO .cosb,
(I) = ff 5 Cf.r’ﬂl, fﬂAd
S sd

where 0 1s the angle from the surface normal and s 1s the
distance between the source and detector. The integrals are
over the areas of the source and detector. The integral can be
performed under the constraint of a circular source and a
circular detector, the centers of which are both on axis. The
result 1s

DLinrry)*
b — (mrshg)

2 2 2 2 12 2
r2 4+ rg+ s+ \/(rg + 15 +so,) —4rirs

In this case, the specification calls for r =0.35 cm (corre-
sponding to a 7 mm diameter aperture) and s_~20 cm (to
maintain the 107> sr solid acceptance angle). The source
radius 15 0.65 cm. Since s_,1s much bigger than eitherr_orr ,
we may approximate the result as

Evaluating this expression numerically gives 68.1 mW at the
detector. A bit of a subtlety 1n the previous calculation 1s that
the source radius 1s 0.65 cm. But the emitting area 1s closer to
a square with side of 1.3 cm. However, the approximation 1s
g00d since the corners of the square are much less bright than
the center. The true 1llumination pattern away from the exit
face of the light guide 1s more cross-shaped than square. This
laser 1llumination system falls well within Class I1Ib specifi-
cations.

Many modifications and variations of this invention can be
made without departing from 1ts spirit and scope, as will be
apparent to those skilled 1n the art. The specific embodiments
described herein are offered by way of example only and are
not meant to be limiting n any way. It 1s mtended that the
specification and examples be considered as exemplary only,
with a true scope and spirit of the invention being indicated by
the following claims.

What is claimed 1s:

1. A method of intra-operatively determining the patency
of a transplanted organ or a vessel which 1s surgically joined
to the transplanted organ 1n a recipient subject, comprising:

administering a fluorescent dye to a recipient subject prior

to an organ transplant procedure, wherein the fluores-
cent dye 1s a tricarbocyanine dye;

obtaining a fluorescent 1mage of an organ or a vessel

attached to the organ in the recipient subject prior to the
organ transplant procedure;

administering a fluorescent dye to the recipient subject

alter the organ transplant procedure, wherein the fluo-
rescent dye 1s a tricarbocyanine dye;
applying a suificient amount of energy to a transplanted
organ or the vessel surgically joined to the transplanted
organ such that the fluorescent dye tluoresces;

obtaining a fluorescent image of the transplanted organ or
a vessel surgically joined to the transplanted organ;
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calculating on a processor a pixel intensity of the fluores-
cent image of the organ or the vessel prior to the trans-
plant procedure and a pixel intensity of the fluorescent
image of the transplanted organ or the vessel surgically
joined to the transplanted organ;
calculating on the processor a change in pixel intensity
between the fluorescent image of the organ or the vessel
prior to the transplant procedure and the fluorescent
image of the transplanted organ or the vessel surgically
joined to the transplanted organ; and
comparing the fluorescent image of the transplanted organ
or the vessel surgically joined to the transplanted organ
with the fluorescent image of the organ or the vessel
prior to the transplant procedure, wherein an increase 1n
pixel intensity from prior to the transplant procedure to
after the transplant procedure indicates greater pertusion
in at least one of a tissue or fluid tlow through the vessel
surgically joined to the transplanted organ, and a
decrease 1n pixel intensity from prior to the transplant
procedure to after the transplant procedure indicates a
decrease 1n perfusion 1n at least one of the tissue or fluid
flow through the vessel surgically joined to the trans-
planted organ.
2. The method of claim 1, wherein the recipient subject 1s
an animal.
3. The method of claim 2, wherein the animal 1s a human.
4. The method of claam 1, wherein the fluorescent dye
comprises a mixture or combination of multiple fluorescent
dyes.
5. The method of claim 1, wherein the tricarbocyanine dye
1s indocyanine green.
6. The method of claim 1, wherein the dye 1s administered
intravenously.
7. The method of claim 1, wherein the dye 1s admimistered
by catheter.
8. The method of claim 1, wherein the dye 1s adminmistered
as a bolus 1njection.
9. The method of claim 1, wherein the dye 1s administered
less than an hour before determining patency.
10. The method of claim 1, wherein the dye 1s administered
more than 30 seconds before determining patency.
11. The method of claim 1, wherein the energy 1s light
energy.
12. The method of claim 11, wherein the light energy 1s
provided by a laser.
13. The method of claim 11, wherein the light energy 1s
provided by an incandescent light and a filter.
14. The method of claim 11, wherein the wavelength of the
light energy 1s 1n the infra-red spectrum.
15. The method of claim 11, wherein the wavelength of the
light energy 1s about 805 nanometers.
16. The method of claim 1, wherein the image 1s obtained
by a camera.
17. The method of claim 16, wherein the camera 1s a charge
coupled device.
18. The method of claim 16, wherein the camera 1s a video
recorder.
19. The method of claim 11, wherein the laser power output
1s about 2.5 watts.
20. The method of claim 19, wherein the laser power output
lasts for about 30 seconds.
21. The method of claim 20, wherein the output 1s a con-
tinuous wave.
22. The method of claim 1, wherein the vessel i1s a blood
vessel.
23. The method of claim 1, wherein the vessel 1s an artery.
24. The method of claim 1, wherein the vessel 1s a vein.
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25. The method of claim 1, wherein the vessel 1s a ureter.

26. The method of claim 1, wherein the vessel 1s comprised
of a duct.

27. The method of claim 1, wherein the organ 1s chosen
from a heart, a liver, a pancreas, a kidney and a lung.

28. The method of claim 1, wherein the organ 1s one or
more of a heart and a lung.

29. The method of claim 1, wherein the organ 1s one or
more of a pancreas and a kidney.

30. The method of claim 1, wherein the vessel 1s chosen
from an inferior vena cava, superior vena cava, an atrial cullt,
an aortic root, an aorta, a pulmonary trunk, a pulmonary vein,
a pulmonary artery, a hepatic artery, a hepatic vein, a portal
veln, a bile duct, a renal artery, a renal vein, a pancreatic duct,
a pancreatic artery, a pancreatic vein, an arterial graft, a
venous gratt.

31. The method of claim 1, wherein the vessel comprises an
anastomosis.

32. The method of claim 1, wherein the method 1s per-
formed ex vivo.

33. The method of claim 1, wherein the vessel 1s from a
biological source.

34. The method of claim 1, wherein the vessel comprises a
grait.

35. The method of claim 34, wherein the graft 1s chosen
from an allograft, an autograit and a xenograft.

36. The method of claim 1, wherein the vessel 1s from a
synthetic source.

37. The method of claim 1, wherein the 1mage 1s obtained
with a surgical microscope or endoscope.

38. A method of intra-operatively determining the patency
of a transplanted organ or a vessel which i1s attached to the
transplanted organ 1n a recipient subject, comprising:

administering a fluorescent dye to a donor subject prior to

an organ transplant procedure, wherein the fluorescent
dye 1s a tricarbocyanine dye;

obtaining a fluorescent 1mage of an organ or a vessel

attached to the organ in the donor subject prior to the
organ transplant procedure;

administering a tluorescent dye to a recipient subject after

the organ transplant procedure, wherein the fluorescent
dye 1s a tricarbocyanine dye;

applying a suilicient amount of energy to the transplanted

organ or the vessel such that the fluorescent dye fluo-
resces;

obtaining a fluorescent image of the transplanted organ or

the vessel;

calculating on a processor a pixel intensity of the fluores-

cent image of the organ or the vessel prior to the trans-
plant procedure and a pixel intensity of the fluorescent
image of the transplanted organ or the vessel;
calculating on the processor a change 1n pixel intensity
between the fluorescent image of the organ or the vessel
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prior to the transplant procedure and the fluorescent
image of the transplanted organ or the vessel; and

comparing the fluorescent image of the transplanted organ
or the vessel with the fluorescent image of the organ or
the vessel prior to the transplant procedure, wherein an
increase 1n pixel mtensity from prior to the transplant
procedure to aiter the transplant procedure indicates
greater perfusion 1n at least one of a tissue or fluid tlow
through the vessel, and a decrease 1n pixel intensity from
prior to the transplant procedure to aiter the transplant
procedure indicates a decrease 1n perfusion 1n at least
one of the tissue or flumid flow through the vessel.

39. A method of intra-operatively determining the patency
of a transplanted organ or a vessel which 1s surgically joined
to the transplanted organ 1n a recipient subject, comprising:

administering a fluorescent dye to a recipient subject prior

to an organ transplant procedure, wherein the fluores-
cent dye 1s a tricarbocyanine dye;

obtaining a fluorescent 1mage of an organ or a vessel

attached to the organ in the recipient subject prior to the
organ transplant procedure;

administering a fluorescent dye to a recipient subject after

the organ transplant procedure, wherein the fluorescent
dye 1s a tricarbocyanine dye;

applying a suilicient amount of energy to a transplanted

organ or a transplanted vessel such that the fluorescent
dye fluoresces;

obtaining a fluorescent image of the transplanted organ or

the transplanted vessel;

calculating on a processor a pixel intensity of the fluores-

cent image of the organ or the vessel prior to the trans-
plant procedure and a pixel intensity of the fluorescent
image of the transplanted organ or the transplanted ves-
sel;

calculating on the processor a change in pixel intensity

between the fluorescent image of the organ or the vessel
prior to the transplant procedure and the fluorescent
image of the transplanted organ or the transplanted ves-
sel; and

comparing the fluorescent image of the transplanted organ

or the transplanted vessel with the fluorescent image of
the organ or the vessel prior to the transplant procedure,
wherein an increase 1n pixel intensity from prior to the
transplant procedure to after the transplant procedure
indicates greater perfusion in at least one of a tissue or
fluud flow through the transplanted vessel, and a
decrease 1n pixel intensity from prior to the transplant
procedure to after the transplant procedure indicates a

decrease 1n perfusion 1n at least one of the tissue or fluid
flow through the transplanted vessel.
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